The diffusional isotope effect of a monatomic Lennard-Jones liquid is calculated by molecular-dynamics simulation. Mass differences of 10-40 % were used. At equilibrium density, with decreasing temperature a strong reduction of the isotope effect is found that indicates a marked increase of the collectivity of motion. Changing the density at constant temperature, the same effect is seen that shows that the density change is the main driving force behind the reduction of the isotope effect.
The atomic nature of transport in liquids has been the subject of numerous studies, e.g., ͓1-4͔. Of particular interest is the possible change of mechanism upon cooling to melting point and beyond to the glass transition. In a monatomic liquid, the diffusion constant can be written
where T is the temperature, the atomic density, and m is the mass of the diffusing particle. The temperature dependence of D can be described over a large temperature interval down into the undercooled regime by a Vogel-FulcherTamman ͑VFT͒ law
͑2͒
where the phenomenological VFT temperature T 0 is well below the glass transition temperature T g . This law provides an empirical description of the sharp drop of D upon undercooling. The inverse proportionality to the root of the mass is quite general, independent of the molecular aggregation, as long as only one species is present.
Already, in the simple case of different isotopes, considered here, the situation is more complicated. At low densities and high temperatures when diffusion is dominated by binary collisions, the kinetic approximation should hold and Eq. ͑1͒ should apply approximately for each component. Lowering the temperature or increasing the density effects of collective motion will gain importance. This cooperativity can be accounted for simply by replacing the particle mass in Eq. ͑1͒ by an effective mass for diffusion of isotope ␣,
with m the average particle mass and N D the number of particles moving cooperatively. Equation ͑1͒ is then modified to
DϭF͑T, ͒/ͱm eff . ͑4͒
With this, one can define an isotope effect parameter E ͓5͔,
The isotope effect can thus be used as a quantitative measure of collectivity. Due to the small differences in isotopic masses, it necessitates, however, very accurate measurements of the diffusion. Early molecular-dynamics simulation for hard disks and Lennard-Jones ͑LJ͒ systems found small isotope effects for mass ratios from 0.1 to 10 ͓9-11͔. More recently, simulations of LJ systems found Eϭ0.2 ͓12͔ and Eϭ0.1 ͓13͔ for mass ratios of 2 and 4, respectively. Collective motion was also frequently observed in simulations of undercooling toward the glass transition ͓14,15͔. This collectivity was attributed to stringlike motions ͓16-19͔ that resemble the relaxations in the amorphous material ͓20,21͔.
The aim of the present paper is to present a systematic study of the diffusional isotope effect in a simple liquid as function of temperature and pressure. In order for the observed isotope effect to reflect the motion in the pure material, we study the effect of small mass changes, 10-40 %.
The calculations are done for a monatomic LJ system
The potential cutoff was set at R c ϭ3. Similar to the shifted force potential ͓22͔, the parameters A LJ ϭ0.009 577 7 and B LJ ϭϪ0.002 735 95 are introduced to ensure continuity of the potential and its first derivative at the cutoff. As usual, in the following, we will give all results in the appropriate units of energy ⑀, length , and atomic mass m. The small shift is not expected to cause large differences to the phase diagram calculated for the pure LJ potential. For example, the melting temperature will be near the reported value, T m Ϸ0.62 ͓23͔.
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The calculations were done with constant volume and periodic boundary conditions. The time step was ⌬tϭ0.005. Control runs with ⌬tϭ0.0005 showed no significant deviation. A heat bath was simulated by comparing the temperature averaged over 20 time steps with the nominal temperature. At each time step, 1% of the temperature difference was adjusted by random additions to the particle velocities. This procedure assured that existing correlations between the motion of atoms were only minimally affected. Again, control calculations were done with constant energy, and no significant effect was observed.
We prepared 11 samples, each of 5488 atoms, by heating amorphous samples to Tϭ0.88. The samples were then equilibrated for 60 000 time steps. From these samples, the ones at the other temperatures were gained by quenching at the appropriate volume followed by equilibration for 30 000 time steps. Two series of calculations were done. For the first set the equilibrium densities (T) were determined and used to calculate the zero pressure diffusion constants as function of temperature in the range 0.44рTр0.96. In a second calculation, the temperature was kept constant at Tϭ0.88 and the density was varied, 0.46рр0.855. In all runs, pressure and energy were monitored to ensure stability of the configurations. The diffusion constant was calculated from the asymptotic slope of the atomic mean-square displacements. Figure 1 shows the densities and diffusion constants for the zero-pressure configurations. The density agrees well with the ones given in Ref. ͓22͔ for a slightly different cutoff. The diffusion constant compares to the one given in ͓24͔. It vanishes around Tϭ0.4. An exact determination of this temperature is not possible due to the onset of crystallization during extended simulations.
To determine the isotope effect, the mass of two sets of 100 randomly chosen atoms was increased, respectively, diminished by ␦m. The mass change was usually taken as ␦mϭ0.2m, with additional runs using ␦mϭ0.1m and ␦m ϭ0.4m. This was done 54 times for each configuration giving in total a minimum of 594 configurations for each temperature and density. Figure 2 shows a typical result. To first order in ␦m, the curves for lower and higher masses are symmetric with respect to the mϭ1 curve. The total effect is very small, which necessitates the large statistics.
The mass dependence of the D was then used to determine the isotope effect, Eq. ͑5͒. Taking the values for the zero-pressure samples in Fig. 3 , one sees first that all the values are relatively low in the whole temperature range investigated and second, that E drops more or less linearly upon cooling toward the glass transition temperature. This clearly shows a marked increase of motional collectivity upon cooling. Taking the approximate relation between E and the number of particles moving collectively we find that the latter increases from N D Ϸ4 at Tϭ0.96 To check to what extent the drop of isotope effect is connected with the increase in density, the calculations were repeated at constant temperature Tϭ0.88 for different densities . portionality between the decrease of isotope effect and the increase of density. Moreover, the values at fixed temperature coincide within the limits of accuracy with those of the equilibrium samples ͑Fig. 3͒ at the same density but at a different temperature. This shows that the isotope effect is predominantly determined by the density. The diffusion constant itself depends strongly on both temperature and density.
Varying the mass increment ␦m between 0.1 and 0.4, we found no significant deviations from the simple square-root dependence of Eq. ͑4͒. Previous computer experiments on LJ liquids were done with much larger mass differences and different mass dependencies were deduced, e.g.,
Ϫ , where Ͻ0.1 ͓12͔. From our results, we find that such a fit would require strongly temperature-dependent coefficients.
In experiments on metallic glasses, significantly larger isotope effects have been observed in rapidly quenched samples ͓25͔ EϷ0.5. Upon aging, this value diminishes to EϷ0.1 in the fully relaxed sample. In our simulation of a liquid LJ system, we observed a similar but less pronounced effect when using insufficiently equilibrated samples. We find for a very ''young'' sample at Tϭ0.88 a value of E Ϸ0.26 that rapidly drops to EϷ0.19 upon aging. The different temperature ranges and aging times prevent a quantitative comparison at this stage.
In the investigated temperature range, the increase in collectivity is not accompanied by a major increase of nonGaussianity, where Gaussianity is defined as ͓26͔
with ͗r 2 (t)͘ and ͗r 4 (t)͘ the mean-square displacement and the corresponding fourth-order term, respectively. A value ␣ 2 (t)ϭ0 indicates a Gaussian distribution of displacements as one would obtain from standard diffusion theory. At all temperatures, we find for all times ␣ 2 (t)Ͻ0.25. This indicates that heterogeneity or atomic jumps over distances comparable to play only a minor role. It is in contrast to results for binary LJ using constant volume conditions systems where ␣ 2 (t) approached maximal values of around 3 near the glass transition ͓27͔. Below the glass transition, large non-Gaussianities have been observed in simulations of monatomic soft sphere glasses ͓21͔. For the monatomic LJ system studied here, non-Gaussianity is found to increase at temperatures closer to T g than used in the study of the isotope effect. A long time study is precluded at these temperatures by the onset of crystallization.
In summary, we studied the isotope effect of diffusion in a simple Lennard-Jones liquid at equilibrium density as function of temperature and for constant temperature as function of density. The isotope effect drops strongly upon cooling toward the melting and glass transition temperatures and is strongly dependent on the densities. This indicates a strong increase in cooperativity of the atomic motion. The calculations were done for small mass differences and the results are in agreement with recent experiments. Incompletely equilibrated samples show an increased isotope effect-a less cooperative motion. Changing the mass ratio, no deviation from the simple description in terms of effective masses was found.
